. We deterloop (rms deviation for 69 α carbons of 0.67 Å). This mined the crystal structure of the Ec:p150N complex loop is not involved in Ec binding. In addition, the first using multiple wavelength anomalous diffraction (MAD; nine residues of the p150N structure are disordered. A previous report (Bu and Su, 2003) showed that resiwith the carbonyl oxygen of Gly86 in β6 of p150N. In order to confirm that Lys68 is critical for the Ec:p150N dues 208-268 in Ec are required for the formation of a stable complex with p150N. A truncated construct eninteraction, we mutated Lys68 to alanine (K68A) and examined Ec binding by in vitro pull-down assay using compassing residues 227-268 retained its ability to bind to p150
Glued , but with a reduced affinity. Our struc-GST-fused Ec ( Figure 2C ). K68A abrogates Ec binding, suggesting that Lys68 plays a key role in Ec:p150N ture accounts for these results, whereby the conserved hydrophobic surface of the Ec four-helix bundle (220-complex formation. We also tested two Ec mutants, E251A and F253A, predicted to disrupt the salt bridge 247) expands into its tail, providing a greater nonpolar interaction area with p150N ( Figures S2A and S2B) . The with Lys68 in p150N and weaken the hydrophobic interaction with p150N, respectively. Interestingly, both truncated construct distorts the four-helix-bundle formation, leading to destabilization of the whole moleEc mutants retained binding to p150N. Glu251 is located at the periphery of the hydrophobic pocket with cule. In p150N the conserved 67 GKNDG 71 motif, which has been predicted to interact with MTs (Li et al., 2002), its side chain exposed to the solvent, making no contact with p150N other than the oxygen atom of its caris involved in the association with Ec (Figure 2A Glued . We constructed from nonphysiological crystal packing interactions in three Ec mutants, one corresponding to the observed high salt (1.75 M ammonium sulfate), disrupting the Ec crystal structure, Ec⌬C (183-256; summarized in ionic interaction of the Ec acidic tail with p150N (FigFigure 5B ), and the other with mutations in the acidic ure S4).
tail, Glu266 and Glu267 to Lys (E266/267K) and Tyr268
We modeled the C-terminal tail of EB1 into the to Ala (Y268A), and examined their binding ability to Ec:p150N structure by tracing the residues which expep150N by pull-down assay ( Figure 2C ). All three murienced spectral perturbations of the EB1 tail as detants showed a complete loss of affinity to p150N, emscribed above ( Figure 3B ). An excellent fit of the EB1 phasizing that both acidic and aromatic residues are C-terminal tail is achieved, in which the Tyr268 side required in Ec:p150N complex formation.
chain fits into the groove of Ile94 and Gln95, two resiIn order to gain further insight into the interaction bedues that undergo drastic chemical shift changes. In tween the Ec C-terminal tail and p150N, we employed addition, the carboxyl group of Glu266 in EB1 acidic tail NMR spectroscopy. Excellent peak dispersion was obforms a salt bridge to the guanidinium group of Arg90 served in a 1 H-15 N HSQC spectrum of uniformly 15 Nin p150N. In order to validate this model, we made sinlabeled p150N ( Figure S3A ). We first examined the titragle and double mutants of p150N:EB1 tail , Arg90 in tion of the EB1 tail peptide (247-268) to 15 N-labeled p150N to Glu (R90E) and two Glu residues at 266 and p150N ( Figure S3B ). The observed chemical shift per-267 in EB1 tail to Lys (E266/267K). These p150N:EB1 tail turbation in the HSQC spectrum revealed the EB1 tail mutants failed to form intramolecular interactions beinteraction sites that were not observed in the crystal tween p150N and EB1 tail, as judged by the HSQC exstructure (see below). However, this strategy failed to periments (data not shown). We labeled four tyrosine observe the resonances from the EB1 acidic tail, since residues in these chimeric proteins with 15 N (Tyr 46 and the EB1 peptide was not labeled with 15 N. To assist 78 in p150N and 247 and 268 in EB1 tail; Figure S5AB ) mapping of thus far invisible EB1 tail interaction sites and measured backbone 15 N-{ 1 H} NOEs to probe backwith p150N, we generated a chimera of p150N with the bone mobility ( Figure 3C ). The positive NOE value ob-EB1 tail at its C terminus (hereafter named p150N: served for Tyr268 in wild-type p150N:EB1 tail is drasti-EB1 tail ). The HSQC spectrum of 15 N-labeled p150N with cally reduced by either mutation of Lys68, Glu266/267, the unlabeled EB1 peptide was essentially identical to or Arg90, indicating an increased mobility of these resithat of 15 N-p150N:EB1 tail ( Figure 3A ), indicating that this dues. These results are consistent with the loss of affinchimeric construct retains the native interaction beity in the in vitro pull-down assay ( Figure 2C ). In contween Ec and p150N, hence providing a model system trast, the rest of three tyrosine residues, Tyr46, Tyr78, to probe the Ec:p150N interaction by NMR spectrosand Tyr247, that do not participate in p150N:EB1 tail incopy. With the uniformly labeled p150N:EB1 tail sample, teractions, show few changes in their backbone mobilwe could not sequentially assign the last 13 residues ity by mutations. Again, the NOE experiment is in due to the absence of an NH atom at Pro261 and seagreement with our in vitro experiments, which show verely overlapping peaks from glutamate residues at that Tyr268 is a recognition determinant of EB1:p150N 263-267. However, by introducing the tyrosine-specific complex formation. labeling, we were able to identify the last Tyr268 ( Figure  S5B) 
H} NOE measurements (see below). and the CAP-Gly domain of p150
Glued on tubulin polyThe chemical shift changes observed for p150N upon merization, we performed light scattering assays using addition of the EB1 tail peptide can be attributed to our EB1 and p150N constructs. Since tubulin polymerp150N's binding interface with the EB1 C-terminal tail.
izes more efficiently in the presence of nucleating MT These changes are also observed in the NMR spectrum seeds, experiments were performed in the presence or of the chimera p150N:EB1 tail . All of these perturbed resabsence of seeds. In the absence of seeds, only the idues within p150N are mapped on the crystal structure EB1:p150N complex could produce an increase in the of p150N ( Figure 3B ), which are mainly found in the vioptical turbidity of tubulin solution ( Figure 4A ). This MT cinity of the hydrophobic cleft. In addition to this hyassembly activity was completely abolished when drophobic cleft, two other segments were perturbed: p150N was replaced with mutants K68A or R90E. SimiAla49 to Leu51 and Ser91 to Gln95. The former seglarly, the EB1 mutant lacking the acidic tail (EB1⌬C, ment is located in the β2-β3 loop at the periphery of 1-256) failed to promote MT polymerization. These rethe hydrophobic cleft in p150N and the latter in β7, but sults are consistent with our microscope observation both do not participate in the direct interaction with Ec ( Figure 4C ): the combination of the wild-types proin the crystal structure. Therefore, we conclude that duced dense MT bundles, whereas the introduction of residues 49-51 and 91-95 are involved in the crystallomutations in either protein generate only short MTs and graphically invisible EB1 tail interactions. some thin bundles. The addition of seeds to tubulin soPrevious biochemical analysis (Bu and Su, 2003) and lution allowed MT assembly with these malfunctional our in vitro experiments showed that Tyr268 in EB1 tail mutant combinations ( Figure 4B ). K68A with EB1 recois essential for Ec:p150N binding ( Figure 2C and Figure  vered half the activity of wild-type EB1:p150N, which is S3C). However, we were unable to observe Ec tail in the crystal structure. We believe that this interface resulted consistent with the NMR result that K68A weakly in- 
Implications for Mechanism of EB1-Mediated MT Assembly
Our data show that the activation of MT polymerization p150N binding region (EB1⌬C2, 1-248) showed an enrequires the C terminus of EB1 (Ec), illuminating the key hanced activity with faster kinetics than EB1:p150N role of Ec in EB1-mediated MT assembly. We propose (Figures 5D-5F ). This observation suggests that EB1 the existence of an Ec-imposed latent conformation of has an intrinsic ability to promote MT assembly, but the EB1 ( Figure 6 Glued (p150N, 50 mM MES, 1 mM EGTA, 1 mM MgCl 2 , 1 mM GTP [pH 6.8]), in the residues 16-107) was generated by PCR from human brain cDNA presence or absence of 10 g MT seeds. For microscopic analylibraries and inserted into pET15b (Novagen). The protein was exses, w15% Rh-tubulin was added to unlabeled tubulin. After 10 pressed with BL21(DE3) and purified with HiTrap chelating column min of reactions, MTs were fixed in 1% glutaraldehyde, pelleted (GE Healthcare). After cleavage of the His tag by thrombin, the proonto coverslips (Mitchison and Kirschner, 1984) , and viewed on a tein was loaded onto HiTrapSP. Ec and p150N were separately conNikon E800 epifluorescent microscope. Images were captured centrated to 25 mg/ml in 10 mM Tris (pH 7.5), 0.1 M NaCl, and 1 using an Orca-ER CCD camera (Hamamatsu) with MetaMorph softmM DTT, and mixed to 1:1 for crystallization.
ware (Universal Imaging). MT cosedimentation assay was deAmino acid mutations were introduced using the QuickChange scribed previously (Hayashi and Ikura, 2003). Site-Directed Mutagenesis Kit (Stratagene). For all the constructs, the absence of error was confirmed by DNA sequencing.
Supplemental Data Crystallography
Supplemental Data are available with this article online at http:// Crystals of the Ec and p150N complex were obtained by the sitting drop vapor diffusion method at room temperature. Two microliters www.molecule.org/cgi/content/full/19/4/449/DC1/.
